The functional response describes how food abundance affects the intake rate of foraging individuals, and as such, it can influence a wide range of ecological processes. In social species, dominance status can affect the functional response of competing individuals, but studies conducted in an interference-free context have provided contrasting results on the extent of between-individual variability in functional response. We tested the prediction that individuals intrinsically differ in their functional response, and that these differences could predict body weight and dominance status in social species. We used goats as a model species and performed foraging experiments to assess the functional response of these goats in an interference-free context. Our results show that some individuals are consistently better foragers than others, and these individuals were more likely to be heavier and dominant. Parameters of the functional response are, however, more strongly associated with dominance status than with body weight. We conclude that interference while foraging is not needed to explain body weight differences between dominant and subordinate individuals. We suggest that these differences can emerge from intrinsic differences in foraging efficiency between individuals, which could also allow better foragers to demonstrate greater tenacity during agonistic interactions.
Introduction
The functional response describes how food abundance affects the intake rate of foraging individuals (Stephens and Krebs 1986) . As such, the functional response has a critical influence on a wide range of ecological processes, including distribution and movement of individuals within landscapes (Calcagno et al. 2014) , predator-prey dynamics (Abrams 2000) , and the stability of complex food webs (Post et al. 2000) .
Many theoretical and empirical studies assume that functional responses are species or class (e.g. ontogenic stages, ages, sexes) specific, commonly accounting only for large body size differences, as these are known to be important (Kalinkat et al. 2013) . However, little is known about interindividual variability of functional response between individuals of similar body size. Studies have shown that dominance status affects the foraging efficiency of interfering individuals (e.g. Vahl et al. 2005; Nilsson et al. 2004) , but very few studies have investigated the existence of intrinsic inter-individual variability in the absence of interference. Those that have, however, obtained contrasting results (e.g. differences between individuals found in Ranta and Nuutinen 1985 , Fritz et al. 2001 , Arzel et al. 2007 , Schröder et al. 2016 ; no differences found in Nilsson et al. 2004 ). This leaves an important gap in our understanding of foraging and its ecological consequences. For instance, intrinsic differences in foraging efficiency could help explain interindividual differences in weight gain, which is often associated with better demographic performance (Saether 1989; Pelletier et al. 2007 ). In gregarious species it could also influence dominance status, as heavier individuals tend to be Communicated by Janne Sundell.
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dominant (Veiberg et al. 2004; Vervaecke et al. 2005; Favre et al. 2008 ). However, individuals may not be consistently better or worse off than others at foraging across a gradient of resource densities. In this case, characterized by the crossing of individual functional response curves, predicting distribution of individuals in heterogeneous patches, and the outcome of exploitation and interference competition between individuals, would be more complex.
Here, we tested the prediction that individuals intrinsically differ in their functional response, and that these differences predict body weight and dominance status in social species. We did this using goats as a model system and estimating two key functional response parameters at the individual level, attack rate (instantaneous rate of food discovery) and handling time (time required to bite and ingest food). Goats were isolated during these experiments, to provide an interference-free context, and thus directly measure their intrinsic foraging efficiency.
Materials and methods

Foraging assays
We conducted foraging assays using 18 adult female goats, housed at the Ukulinga experimental farm (University of Kwazulu-Natal, South Africa). We weighed the goats at the start of the study, early morning before they fed to avoid biases due to rumen fill. To build functional response curves, we estimated the intake rate of each goat at increasing food abundance. To do this, we placed 50, 100, 200, 400 or 800 g of sheep pellets (Complete Sheep Finisher, Meadow Feeds, South Africa) in feeding trays (570 × 365 × 230 mm) similar to those used by Shrader et al. (2012) and Stears et al. (2014) . To provide diminishing returns and induce a type-II functional response across the range of food abundance, we attached a 3 × 3 cm grid of 2.5 mm galvanized wire over the top of each tray and added 5 L of inedible medium (i.e. 20 cm lengths of 30 mm plastic tubing) inside the tray. For 3 weeks prior to the trials, goats were trained to familiarize with the structure of the pen (i.e. 4.5 × 7 m with the sides covered by black shade cloth), the feeding trays, and the presence of humans while feeding.
For the first week, groups of three or four individuals were allowed into the pen to feed from the same feeding tray. The next week, we ushered goats one by one into the feeding area and allowed them to feed for a maximum of 1 min. From the third week onwards, when we collected data, we limited the effect of food depletion by allowing individuals to feed for only 30 s before we removed the tray. We then weighed the amount of food left in the tray and calculated the intake rate (g s −1 ) of the goat during the trial. For each goat and each food abundance, the assay was replicated five times. On any given day, all 18 goats were tested, but each goat was only tested once. This prevented the intake of previous trials influencing any subsequent trials. To prevent the goats from being able to predict the different food abundances, the amount of food presented to each goat each day was randomized. All experiments were conducted between 07:00 and 11:00. To ensure that the goats were hungry during this period, they were housed overnight in a 30 × 12 m sheltered barn where they had ad libitum access to water, but no food. This is their normal routine and mimics common husbandry practices (see Shrader et al. 2008 ). In the mornings prior to the experiments, individuals were moved into a rye grass pasture where they fed for 30 min. This allowed them to eat some food, but not fill their stomachs. Ultimately, this ensured that all goats tested were hungry but that goats tested at the end of the morning sessions did not reach very high hunger levels. Additionally, in a given day, goats were tested in a random order. After the experiments, the goats were then released into natural veld, enabling them to feed undisturbed.
The dominance hierarchy of the goat herd used here had been determined by Stears et al. (2014) . However, to ensure that the hierarchy was the same during our study, we reconfirmed the relative ranks of the individuals used in our experiments. As with Stears et al. (2014) , we did this by facilitating interactions between two goats at a single artificial food patch. In one patch, we poured 200 g of sheep pellets into one of the corners, and released two goats from opposite sides of the patch. Dominance was then determined by observing the interactions between these two individuals (see Stears et al. 2014 for details) . Dominant individuals were classified as those individuals that initiated aggressive acts (e.g. horn butting, charges), and/or prevented the other individual feeding from the patch. Subordinate individuals either did not approach the patch, or were chased away from the patch by the dominant individual.
Data are available on http://figsh are.com, with https ://doi. org/10.6084/m9.figsh are.67950 56.
Statistical analyses
We fitted a type II functional response (Holling 1959) to the data, using the classical formulation:
with I the intake rate (g s −1 ), a the attack rate (s −1 ), h the handling time (s), and F the food abundance (g). We fitted this model in a non-linear mixed model framework, allowing for random effects on handling time and attack rate per individual. The increase in the intake rate variance as food abundance increased was accounted for by using a variance
identity function (Zuur et al. 2009 ). We tested the significance of inter-individual variability in attack rate and handling time, and of the correlation between attack rates and handling times (measured using Pearson's r), using permutation tests. At each food abundance, the identity of the goats was randomly permuted, the model re-run, and attack rates, handling time, and the correlation between them estimated. This was done 5000 times to obtain the distribution of the random effects variance (for both attack rate and handling time) and of the correlation under the null hypothesis of no inter-individual variability in the functional response. The variances of the individual random effects from the model fitted to the real data, and the correlation between attack rates and handling times, were then compared to the distributions built under the null hypothesis and approximate P values were calculated.
Finally, we investigated if random effects on attack rates and handling times were best explained by dominance status or body weight. For attack rate and handling times, we built linear models with either dominance or body weight as unique predictor of the random effect values, and compared both models using the Akaike Information Criterion. Statistical analyses were conducted using the R software (R Core Team 2017).
Results
Permutation tests revealed that there was significant interindividual variation in attack rates (P < 0.001) and handling times (P = 0.030), which were negatively correlated at the individual level (r = − 0.82, P = 0.057; Fig. 1 inset) . Hence, some individuals were consistently foraging more rapidly than others at all food densities, with the foraging rate of the most efficient goat being approximately three times higher than the least efficient one at the highest food density (Fig. 1) . Dominant goats tended to be heavier than subordinate ones (ANOVA; F 1,16 = 3.827, P = 0.068), but attack rates and handling times were best related to dominance status rather than to weight (∆AIC between models with either dominance or weight as unique predictor were 5.5 and 4.5 for attack rates and handling times, respectively). Dominant goats had higher attack rates and shorter handling times than subordinates (ANOVAs; F 1,16 = 12.400, P = 0.003 and F 1,16 = 15.890, P = 0.001 respectively; Fig. 2 ).
Discussion
The functional response is a key pillar of the ecological theory (Stephens and Krebs 1986; Abrams 2000) . Many studies assume that it is species or sex/age specific, but our results demonstrate that there could also be significant interindividual differences, with some individuals consistently foraging more efficiently than others. The mechanistic basis of this difference is that individuals with shorter handling times also have higher attack rates. Individual differences between individual functional responses had been found by a few other studies (Ranta and Nuutinen 1985; Fritz et al. 2001; Arzel et al. 2007; Schröder et al. 2016 ), but others failed to find differences (Nilsson et al. 2004 ). The current paucity of studies on this issue, however, prevents assessing the commonness of inter-individual differences, and call for further studies. We, however, suggest that the mixed-model ), a the attack rate (s −1 ), h the handling time (s), and F the food abundance (g). Attack rate and handling times were estimated using a non-linear mixed model approach, with random effects on both allowed for each individual. Inset: relationship between attack rate and handling time. The same colour identifies the same individual in the main figure and in the inset approach used here or in Schröder et al. (2016) , now widely recognized as the state-of-the-art method to study individual heterogeneity (Dingemanse and Dochtermann 2013) , should be favoured over previous approaches which suffered from a lack of replication at the individual level (Ranta and Nuutinen 1985; Fritz et al. 2001) , or from an averaging of the individual data (Arzel et al. 2007; Nilsson et al. 2004) .
Our results suggest that dominant individuals, who are generally heavier, are intrinsically better foragers than subordinates (i.e. there are between-individual intrinsic differences), at all food densities considered. During the trials, goats foraged alone, and thus antagonistic behaviours between individuals, or body weight differences that may determine winners in these aggressive interactions between individuals, did not affect our functional response measures. Thus, our findings contrast with those of Stillman (1996) , where dominance status did not affect the foraging efficiency of oystercatchers in interference-free context. Moreover, in contrast to Rands et al. (2006) , our study indicates that interference is not needed to explain body weight differences between dominant and subordinate individuals. Nevertheless, it is likely that interference between individuals would increase differences over time. Thus, one is led to assume that the link between the functional response of a foraging individual and its dominance status occurs through the faster and possibly greater increase in body weight of efficient foragers, which then dominate others during antagonistic interactions. However, we show here that parameters of the functional response are more strongly related to dominance than to weight, suggesting that other processes may also play a role. It is possible that more efficient foragers, gaining more food per unit of foraging time than other individuals, are more willing to sacrifice foraging time to engage in agonistic interactions. As tenacity during interactions is likely to be critical in determining winners and losers (Francis 1988) , this could explain the relationship between foraging efficiency and dominance observed here.
It is also possible that dominance results from the expression of 'personality' traits, such as aggressiveness, that could be associated with foraging efficiency in a behavioural syndrome (Sih et al. 2004) . Mechanistically, such correlation between foraging, behaviour, and ultimately dominance could emerge from differences in the pace-of-life of individuals (Dammhahn et al. 2018 ). Individuals of a higher pace-of-life usually forage more or faster, and have indeed sometimes been shown to be 'bolder', more aggressive, and to more easily achieve dominant status (Metcalfe et al. 2016) . This is, however, not always observed (Royauté et al. 2018) , and further studies will be required to understand the processes underlying the patterns observed here.
Although we have considered that foraging efficiency was an intrinsic characteristic of the individual that could explain body size and dominance status, we should also consider the alternative explanation that increased foraging efficiency emerged from, rather than drove, increasing body size. It is, however, unclear what factor could link body size to functional response. It has been suggested that anatomical differences linked to body size, such as bill size in birds (Durant et al. 2003) , or incisors arcade width in ungulates (Gordon et al. 1996) could determine foraging efficiency. We measured the incisor arcade of 9 of our goats (the others had been sold prior to us being able to collect these data), but found no relationship between the parameters of the functional response and the incisor arcade width of the goats (linear regressions; attack rates: F 1,8 = 0.1679, P = 0.693; handling times: F 1,8 = 1.026, P = 0.341). Therefore, we favour the hypothesis that foraging efficiency contributes to determine body weight and dominance status.
Although we have clearly demonstrated consistent interindividual differences in foraging efficiency, this conclusion remains limited to a unique, rather simple, foraging situation. In the wild, individuals are faced with a heterogeneous environment in which they exploit many food types, and extrapolating our results to performance of individuals in complex environments is premature. For instance, Fritz et al. (2001) suggested that inter-individual differences in foraging efficiency of mallards might vary with food item size. However, in their set of item size, individual efficiency sometimes decreased, but the ranking of individuals did not change across item sizes. Thus, further studies investigating whether poorer foragers on one food item can be better foragers on others remain to be conducted.
We conclude by emphasizing, following Kalinkat (2014) , the value of studying the variability of the functional response between individuals. This approach has the potential to shed new light on the links between foraging and other behavioural characteristics of individuals. As shown here, this approach can challenge our understanding of extensively studied topics, such as the relationship between foraging and dominance, but can also contribute to more recent fields of research (e.g. foraging-personality: Toscano and Griffen 2014). Moreover, implications for higher-order processes should be understood. For instance, it can be envisioned that inter-individual differences in functional responses will affect predator-prey relationships, as better foragers should have more time to devote to vigilance, and be able to use richer-but-riskier patches more. The distribution of functional response 'phenotypes', irrespectively of 'personalities', in the prey population could then be a strong determinant of prey space use, predation rates and predator-prey dynamics, but this remains to be tested. Generally, a great challenge lies in understanding to what extent, and under what conditions, will such individual differences in functional responses matter for population and ecosystem processes.
